Abstract Pearl millet is the main component of traditional farming systems and a staple grain in the diet of sub-Saharan Africa and India. To facilitate breeding work in this crop, a genetic map consisting of single nucleotide polymorphism (SNP) markers was constructed using an F 2 population of 93 progenies, from a wild 9 cultivated pearl millet cross. We used a modified genotyping-by-sequencing (GBS) protocol involving two restriction enzymes (PstI-MspI) and PCR amplification with primers including three selective bases to generate 3,321 SNPs. Of these, 2,809 highquality SNPs exhibited a minor allele frequency C0.3. In total, 314 non-redundant haplotypes and 85 F 2 individuals were used to construct a genetic map spanning a total distance of 640 cM. These SNPs were evenly distributed over seven linkage groups ranging considerably in size (62-123 cM). The average density for this map was 0.51 SNP/cM, and the average interval between SNP markers was 2.1 (±0.6) cM. Finally, to establish bridges between the linkage groups of this and previous maps, 19 SSR markers were examined for polymorphism between the parents of this population. We could only tentatively suggest a correspondence between four of our linkage groups and those of previous maps. Overall, GBS enabled us to quickly produce a genetic map with a density and uniformity of markers greater than previously published maps. The availability of such a map will be useful for the identification of genomic regions associated with Striga resistance and other important agronomic traits.
Introduction
Pearl millet Pennisetum glaucum (L.) R. Br., [syn. Cenchrus americanus (L.) Morrone] is one of the most important cereal crops in the arid and semi-arid regions of India and sub-Saharan Africa (Chemisquy et al. 2010; Hash et al. 2000; Senthilvel et al. 2008; Sehgal et al. 2012) . Ranked sixth cereal crop in the world, pearl millet is grown as a source of nutrient-rich food grain for humans as well as a feed/forage/fodder crop for livestock (Jauhar et al. 2006) . In these regions, pearl millet is the staple food of more than 90 million people, so it plays a crucial role in food security (Gowda and Rai 2006) . Despite its low grain yield (600 kg ha -1 ) due to abiotic stresses (drought, low soil fertility) and biotic stresses (Striga, millet head miner, downy mildew and other diseases), this crop provides nutritious grains that are highly recommended for certain diets (Rai et al. 2012) .
Pearl millet is a diploid species with seven pairs of chromosomes and is native to Africa (Manning et al. 2011) . The genome size is about 2.4 pg, comparable to that of maize. The plant is sexual, hermaphrodite and cross-pollinated. These characteristics contribute to a high level of heterozygosity.
To minimize yield losses and to facilitate the development of improved varieties, research efforts are being conducted in several areas including resistance to Striga and downy mildew (Kountche et al. 2013) , drought and salinity tolerance (Bidinger et al. 2007 , Sehgal et al. 2012 Sharma et al. 2014) , cytoplasmic male sterility, use of dwarfing genes and the use of heterosis or hybrid vigor (Tostain and Marchais 1993; Presterl and Weltzien 2003; Dhuppe et al. 2005) . In addition, molecular tools are increasingly available for pearl millet and have proven their efficiency in other species including sorghum, rice, maize and cowpea Omanya et al. 2004; Gurney et al. 2006; Amusan et al. 2008; Yoshida and Shirasu 2009) .
A genetic map represents a key tool for genetic studies and should contain enough information to identify and position genes/QTLs that control traits of agronomic interest (Pedraza-Garcia et al. 2010) . Liu et al. (1994) constructed the first DNA marker-based genetic map in pearl millet; it consisted of 181 RFLP markers and covered a total distance of 303 cM. An integrated genetic map was built by Qi et al. (2004) by using a combination of both RFLP (353) and SSR (65) markers from two F 2 populations. In the latter case, the total distance covered was 473 cM. For both of these maps, F 2 populations were used to analyze the segregation of markers. However, these maps suffered from a high degree of marker clustering such that many of the marker pairs were very closely linked whereas others were widely separated. Other genetic maps were followed, mostly based on SSR and DArT markers (Senthilvel et al. 2008; Supriya et al. 2011; Rajaram et al. 2013) , and despite increasing marker coverage, these maps still suffer from a lack of uniformity in marker coverage. In these maps, many gaps greater than 20 or even 30 cM are still found.
Thus, the production of a dense map providing both extensive and uniform coverage remains a challenge in pearl millet. Furthermore, the development of RFLP and SSR markers requires a fair amount of upstream work to determine which sets of enzymes/probes (RFLPs) or primers (SSRs) are capable of revealing polymorphic loci segregating in any mapping population. Also, these markers are not suitable for analysis on a very large scale as, for the most part, these can only be analyzed one (or very few) at a time on each individual. As for DArT markers, even though a genotyping array with 7,680 clones has recently been developed for pearl millet (Supriya et al. 2011) , these are dominant markers and some DArT loci originating from duplicated genomic regions can suffer from inconsistent map locations (Tinker 2013) . New genotyping technologies capable of highly parallel analysis would represent a major step forward in this crop.
Recently, a high-throughput and low-cost genotyping method named genotyping-by-sequencing (GBS) has been developed and has proven its efficiency in other crops such as maize and barley (Elshire et al. 2011) . The proposed approach is simple and suitable for rapidly generating high-density genetic maps. GBS can yield hundreds to thousands of SNPs (single nucleotide polymorphisms) without the need for any prior characterization of candidate loci. A few protocols have been described to date including the original protocol involving the enzyme ApeKI (Elshire et al. 2011) , demonstrated in maize and barley, and an alternative protocol involving enzymes PstI and MspI, demonstrated in barley and wheat (Poland et al. 2012) . The choice of enzymes is a key factor in determining the degree of complexity reduction that is achieved. More recently, Sonah et al. (2013) showed that it was possible to further optimize the degree of complexity reduction and thus increase both the number and quality of markers obtained, by using PCR primers including selective bases during the preparation of GBS libraries. In addition, appropriate sequencing and genetic analysis tools are available to provide its efficiency to GBS method.
In the present study, we chose to explore the usefulness of such a GBS approach and demonstrate that it is possible to quickly produce a genetic map densely populated with SNP markers for pearl millet using such an approach. The availability of such a genetic map will certainly provide breeders and geneticists with a much-wanted tool to identify genomics regions associated with Striga resistance and other important agronomic traits.
Materials and methods

Plant materials
A mapping population, with Striga resistance as its primary target trait, consisting of 93 F 2 progenies derived from a cross between ''116_11-(PS202-14)-121'' (wild millet) and ''SOSAT-IBL-197'' (cultivated millet) was developed and used in this study. Both parents are from West Africa; 116_11-(PS202-14)-121 is an inbred line derived from six self-pollination cycles using the wild relative accession PS202 (Pennisetum glaucum subsp. monodii), which is reported to be resistant to Striga hermonthica (Del.) Benth. (Wilson et al. 2004) . Similarly, at least six inbreeding cycles were conducted using the open-pollinated improved variety SOSAT-C88, which resulted in the development of the SOSAT-IBL-197 inbred line (Haussmann et al. unpublished data) . This inbred is highly susceptible to Striga.
DNA extraction, library preparation and sequencing
Genomic DNA of individual F 2 plants and their parental lines was extracted from 50 mg fresh leaves, collected from single plants, using the MATAB protocol (a modified CTAB/b-mercaptoethanol method) (Mariac et al. 2006) . DNA concentration was adjusted to 20 ng ll , and PstI-MspI GBS libraries were prepared following the protocol described by Poland et al. (2012) with the exception that a further complexity reduction was achieved using PCR primers with three selective bases (CAC) as per Sonah et al. (2013 
Sequencing data analysis and SNP calling
The Universal Network-Enabled Analysis Kit (UNEAK) pipeline was used to call SNPs from the DNA sequence reads (Lu et al. 2013) . UNEAK was used with minor allele frequency (MAF) set at 0.05. An in-house perl script was used to both filter and rescore genotypes that were the output of the UNEAK pipeline (listed in the HapMap.hmp.txt file). A stringent filter was first used to remove and replace by missing data (N) genotypes that had been called with fewer than 11 reads/SNP/individual. A genotype correction step was then carried out to remove ''false'' heterozygotes using one of the two criteria. If the total read count for a SNP in one individual was between 11 and 40, and the number of reads for the minor allele was B2, this individual was called homozygous for the major allele. Alternatively, if the total read count was [40 and the proportion of reads for the minor allele was \5 %, the individual was again scored as homozygous for the major allele.
SNP dataset filtering
The corrected HapMap.hmp.txt file resulting from these modifications was then uploaded into TASSEL 3.0_Standalone (Bradbury et al. 2007 ) for further filtering. SNP loci with more than 20 % missing data were removed, as were those with a minor allele frequency (MAF) \0.3. In addition, individuals with more than 19 % missing data were removed. The SNP markers that were heterozygous in one or both parents were also removed. Chi-square tests were performed on both the allelic (1:1) and genotypic (1:2:1) segregation ratios to assess the amount of segregation distortion. Finally, the data were recoded such that homozygotes for the alleles of SOSAT-IBL-197 were coded ''A'', homozygotes for the alleles of 116_11-(PS202-14)-121 were coded ''B'' and heterozygotes were coded ''H'' using an in-house python script.
Genetic map construction
SNPs with both MAF \0.3 and less than five missing data were grouped using MAPMAKER/EXP software Version 3.0b (Lander et al. 1987 ) at a LOD score threshold of 3.0 and a maximum distance of 30 cM. The JOIN HAPLOTYPES ON command was used to group markers sharing an identical segregation pattern in haplotype groups, and only the first SNP listed in each haplotype group was conserved to build linkage groups. Within each linkage group, SNP positions were determined using the ORDER command with an informativeness criterion set to a minimum distance of 4 cM and a minimum of 95 % informative individuals. PLACE and TRY commands were used to position SNPs that could not be mapped initially. The FRAMEWORK command produced the framework for each linkage group. Finally, the RIPPLE command was used to test the final SNP order in each linkage group. During all of these procedures, error detection mechanisms were on. The resulting genetic map was then drawn using the MapChart 2.2 software (Voorrips 2002) . Distances between SNPs were determined in centimorgans (cM) using the Haldane function. The loci detected have been named with the prefix ''TP'' (for ''tag pair'').
Use of SSRs as bridge markers
A set of 19 SSR primer pairs reported by Qi et al. (2004) were assessed for polymorphism between the two parents. Polymorphic SSR markers were analyzed on the entire mapping population. PCR amplifications were performed in 20 ll reactions containing 1.59 PCR buffer, 50 ng genomic DNA, 0.125 lM of M13-tailed forward and reverse primers, 2 mM dNTPs, 0.002 lM IRD700-labeled M13 primer and 0.5 U Taq DNA polymerase. Amplifications were performed on a TProfessional Basic Thermocycler (Biometra, Göt-tingen, Germany) as follows: initial denaturation for 2 min at 94°C, followed by 35 cycles of 30 s at 94°C, 30 s at 55°C, 45 s at 72°C and final extension for 10 min at 72°C. Loading buffer (1 ll) was added to 5 ll of each PCR, denatured at 94°C for 5 min and stored at 4°C for 10 min. Next, 0.8 ll of each mixture was separated on a 6.5 % polyacrylamide gel in a TBE buffer on a LI-COR Global Edition IR 2 DNA Analyzer (LI-COR, Lincoln, USA) set to 1,500 V with a moderate scan speed at 50°C during 1 h 25 min to 3 h (depending on PCR product size). For each SSR, genotypes were determined for each F 2 progeny and the resulting genotypic data were added to the SNP data to integrate these SSR markers to the genetic map produced using MAPMAKER as described above.
Results
Sequencing read quantity and quality
A single 95-plex GBS library was produced to generate SNP data on the parents and 93 F 2 progenies of the cross 116_11-(PS202-14)-121 9 SOSAT-IBL-197. The GBS protocol achieved complexity reduction using both a two-enzyme restriction digest (PstIMspI) and selective amplification using a PCR primer with three selective bases (CAC) to amplify only a subset of all the ligation products. After high-throughput sequencing, a total of 147M reads were obtained from a single lane and 145M ''good'' reads (99 % of all reads) met the quality standards of the UNEAK pipeline (Supplementary Figure 1) . The number of reads per sample ranged between 0.56M and 2.45M, for an average of 1.53M. A total of 7M distinct 64-bp sequence tags were found in the entire set of reads (Table 1) . Of these, 471,904 distinct 64-bp sequence tags, corresponding to 136.43M reads (94.3 % of the total number of reads), were present in sufficient number (C5 reads in the population) to be used by the UNEAK pipeline for SNP calling (Supplementary Figure 1) . On a sample basis, the number of tags ranged between 121K and 344K for an average of 220K tags (Table 1) . These sequence tags were examined to identify pairs of tags that were identical or differed by at most a single base. A set of 18,346 ''raw'' SNPs with a MAF [ 0.05 were initially called by the UNEAK pipeline and subsequently rescored Figure 1) .
SNP filtering
To ensure that the SNP data were of high-quality, stringent filtering was performed in multiple steps using TASSEL software (Fig. 1) . A total of 3,321 SNPs had less than 20 % missing data and a MAF C 0.3. In addition, eight individuals forming a distinct group with especially high levels of missing data ([19 %) were removed. These individuals exhibited between 521 and 1,427 missing data. Together, they accounted for more than 40 % of all the missing data, and each of these was characterized by a low coverage (\900K reads/ individual). The resulting dataset showed an average of 35 reads per SNP, and the amount of missing data per individual and per SNP both averaged 3 % (Supplementary Table 1) . From this initial set of 3,321 markers, we retained 2,809 SNPs that were homozygous for contrasting SNP alleles in the inbred parental lines of the F 2 mapping population. Of these, 1,381 had no missing data at all, 2,156 had \5 % and 2,541 had \10 % missing data (Supplementary Figure 2) . For the purpose of building a high-quality and high-density map, the 2,156 segregating SNPs with \5 % missing data and a MAF C 0.3 were used.
Genetic map
Because of the limited size of the mapping population (n = 85), many of the 2,156 SNPs co-segregated in the F 2 population (or only differed due to missing data), suggesting that these loci were in close proximity and had not been resolved by recombination events. These formed a total of 314 non-redundant haplotypes for which a single representative SNP marker (hereafter referred to simply as a SNP) was used for map construction. Despite the use of a MAF C 0.3, 11.8 % of the SNPs (37 out of 314) presented a significant segregation distortion (at P \ 0.01). A total of six distortion regions (SDRs) containing between 1 and 19 SNPs were observed (Supplementary Table 2 ). Upon grouping (at LOD = 3.0), all SNP markers fell onto one of the seven linkage groups (LGs A-G; see Table 2 ; Fig. 2 ). Linkage groups contained between 32 (LG E) and 53 SNPs (LG A). The length of linkage groups ranged between 61.7 cM for LG G and 123.1 cM for LG A, for a total map length of 640.6 cM. The mean distance between SNPs was 2.1 (±0.6) cM for an average density of 0.51 SNPs/cM. Linkage group G had the smallest distance between markers (1.5 cM) and the highest marker density (0.70 SNPs/cM), while LG D had the largest mean distance between markers (2.7 cM) and the lowest marker density (0.38 SNPs/ cM). The seven linkage groups exhibited good coverage and uniformity of the distribution of markers, with the largest distance between markers being 19.7 cM (Fig. 2) . The resulting map had no interval greater than 20 cM in length, and only ten intervals were larger than 10 cM. 
Relationship between linkage groups in different maps
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Discussion
Genotyping-by-sequencing efficiency
The simultaneous identification and genotyping of SNPs were made possible because of the recent significant advances in sequencing. In this study, a complexity reduction approach relying both on a rarecutting enzyme (PstI) and primers with three selective bases produced a set of over 3,300 high-quality SNP markers segregating between two contrasting pearl millet lines. Using an identical level of multiplexing (95 individuals per Illumina HiSeq lane) and the UNEAK pipeline, Lu et al. (2013) obtained 3,000 segregating SNPs (with a minimal call rate[90 % and Mendelian allelic ratios) in a full-sib mapping population of switchgrass. As these authors used an enzyme that cuts relatively frequently to produce their libraries (ApeKI), they obtained a much larger number of SNPs (400,107), but these had a low median coverage (0.54X) and a low call rate (40 %). Thus, in their initial mapping work, less than 1 % (3,000 SNPs) of this large set of SNPs had a sufficient coverage and call rate to be used for building a map. In this work, almost one-fifth of our SNP markers (3,321 of 18,346) were of sufficient quality to be used for mapping. We suggest that for genetic mapping in biparental populations, where a thousand mapped markers would be quite sufficient in most circumstances, it is more efficient to aim for a greater complexity reduction by using a less frequently cutting enzyme, amplification with selective primers or a combination of both. By properly adjusting the degree of achieved complexity reduction, Sonah et al. (2013) have shown that it is possible to increase the number of lines that can be genotyped in a single library and sequencing lane at practically no additional cost.
In comparison with a DArT assay, the only other highly parallel genotyping tool available in pearl millet, the GBS approach proved significantly more efficient while not requiring any prior marker discovery work in the form of array development. On an array of 7,680 spotted clones, only 574 (7.5 %) proved polymorphic among a panel of 24 pearl millet inbreds and only 389 were polymorphic in a biparental mapping population. A similarly small amount of genomic DNA yielded almost 10 times as many (3,321) polymorphic and codominant SNP markers.
Segregation distortion
A significant degree of segregation distortion was observed for 11.8 % of the genetic loci defined by the 314 non-redundant SNP markers used to build this map. Such distortion has been reported in all previous genetic maps in pearl millet. Supriya et al. (2011) reported that 35 % of their DArT markers presented a significant deviation, whereas Rajaram et al. (2013) encountered distortion in 31-38 % of their SSR markers in four mapping populations. Many other examples of segregation distortion have been reported in other crop species including barley (Devaux et al. 1995) , rice (Xu et al. 1997) , maize (Lu et al. 2002) and wheat (Quarrie et al. 2005 ).
High-density map
Although 2,156 SNP markers met all of our filtering criteria in this F 2 population, a large proportion of these produced identical segregation patterns, resulting in only 314 non-redundant mapped loci. This number of mapped loci is not directly comparable to previous maps (Liu et al. 1994; Qi et al. 2004; Supriya et al. 2011; Rajaram et al. 2013) in which redundant markers were not removed, but rather formed clusters of loci mapping at the same position on these maps. What is certain, however, is that a larger mapping population would have allowed more (possibly all) of the 2,156 high-quality SNP markers to be assigned a distinct position on a genetic map without any need to develop a larger genotyping array for DArTs or analyzing more SSR loci. Given the dense and uniform coverage already achieved, however, it is not clear that this would lead to a significant improvement in map coverage. In the context of performing association analyses, however, the significant increase in the number of available markers would be extremely useful.
The genetic map reported here contains 314 SNPs distributed on seven linkage groups spanning a total of 640 cM. This is greater than the total reported for previous maps built using F 2 populations. The map of Liu et al. (1994) contained 181 loci and covered 303 cM, whereas the map built by Qi et al. (2004) contained 242 loci and spanned 473 cM. The fact that all of our SNP markers could be placed on a linkage group and that there was extensive redundancy in the observed segregation patterns both suggest that map coverage is quite extensive. An attempt was made to establish relationships between the linkage groups defined in the present map (based on SNPs) and those reported in previous maps (using SSRs). Given the low number of SSR markers that proved polymorphic between our parental lines, such relationships could only be tentatively established for four linkage groups. The upcoming release of the pearl millet genome, however, will remove any ambiguity in this regard and allow a very clear and extensive description of these relationships.
This total map distance, however, is almost exactly half of the total map distance reported by Supriya et al. (2011) that was obtained using RILs and about 50 % less than the consensus map produced by merging data from four RIL populations (Rajaram et al. 2013 ). The maps constructed using RILs did not take into account the fact that such populations typically exhibit twice the number of recombination events in any given genetic interval compared to F 2 s and so are not directly comparable. To answer this, it would be necessary to examine the genetic distance between the same genetic loci in these various maps.
Interestingly, the map coverage achieved in the present study is quite uniform with an average distance of 2.1 (±0.6) cM between neighboring SNPs. This interval is smaller than the value of 3.6 (±1.5) cM obtained by Supriya et al. (2011) , although here again the latter number may simply be inflated due to the use of RILs. Importantly, no large gaps ([20 cM) were found in our map contrary to genetic maps obtained by Senthilvel et al. (2008) and Supriya et al. (2011) . In the map of Senthilvel et al. (2008) , four individual intervals between adjacent SSRs were estimated to exceed 30 cM (the greatest spanning 62 cM). In the map built by Supriya et al. (2011) , one individual interval between DArTs exceeded 30 cM (35 cM). This is in stark contrast to the map produced here, in which only ten intervals (3.3 %) were larger than 10 cM. In other words, greater than 96 % of all intervals were less than 10 cM.
The results of this study indicate that GBS can rapidly and efficiently provide high-quality, codominant SNP markers that can be used to construct densely populated genetic maps even in the absence of a reference genome. The availability of SNP markers and high-density genetic maps will not only facilitate gene and QTL mapping in biparental populations, but also make it possible to perform association analyses on panels of unrelated lines. As such panels typically exhibit much decreased linkage disequilibrium between adjacent markers (relative to F 2 s or RILs), many thousands of markers will likely be required for such work. Such dense marker coverage can only be achieved using SNP genotyping and GBS provides a cost-effective means to reach this goal.
